Abstract: Nine vegetation types were distinguished using cluster analysis within Molinion meadows in Slovakia. Vegetation of cluster 1 occurs on most acidic soils and is characterized by the occurrence of species of the Caricion fuscae alliance and of the Nardus grasslands. Vegetation of cluster 2 is also found on rather acidic soils but in contrast to cluster 1 vegetation it contains species of base-rich sites, such as Betonica officinalis, Galium boreale or Serratula tinctoria. Vegetation of cluster 3 occurs in wet base-rich habitats and often contains species of the Caricion davallianae alliance. Species of dry and Nardus grasslands are typical for vegetation of cluster 4, which is found at the driest sites and is confined to oligotrophic sandy soils. Vegetation of clusters 5 and 6 occurs on moist mesotrophic soils. Their species composition is quite similar, the main difference being that the former includes species-poor relevés and the latter includes species-rich relevés. Relevés of cluster 7 include species of dry grasslands and some ruderal species and represent degraded types of inundated floodplain meadows of the Deschampsion alliance. Vegetation of clusters 8 is characterized by species of the Phragmito-Magnocaricetea class and of the Deschampsion alliance, and occurs in wet nutrient-rich habitats. Vegetation of cluster 9, which usually develops from vegetation of cluster 8 due to decrease in the ground-water table, often contains species of dry grasslands and mesic meadows. Except for relevés of clusters 1 and 7, all others can be assigned to theMolinietum caeruleae Koch 1926 association. Cluster 1 corresponds to the Junco effusi-Molinietum caeruleae Tüxen 1954 association. Average Ellenberg indicator values for relevés, which were passively projected on the ordination biplot of detrended correspondence analysis, showed that the first ordination axis correlates with nutrients, soil base status and temperature, and second axis with moisture.
Introduction
Vegetation of the Molinion caeruleae Koch 1926 alliance includes unmanured species-rich meadows in intermittently wet habitats. In the past this vegetation was common in lowland areas of Slovakia, but most localities were destroyed in the second half of the 20th century (Stanová & Viceníková 2003) . At higher altitudes this vegetation is rare (Ružičková 1985; Balátová-Tuláčková & Kontrišová 1999) .
Several studies treating the variability of lowland Molinion meadows in Slovakia were published. These studies were focused on selected regions, e.g. Záhorská nížina lowland (Šmarda 1951; Klika 1958; Bosáčková 1970 Bosáčková , 1975 , Podunajská nížina lowland (Zahradníková-Rošetzká 1965) and the south-western part of Košická kotlina basin (Špániková 1971) . The authors of these studies assigned lowland Molinion meadows to one association -Molinietum caeruleae Koch 1926 , in which several subassociations were distinguished. In contrast to them Balátová-Tuláčková (1968 , 1993 , 1996 Špániková (1978) described the Carici davallianaeMolinietum caeruleae association from Záhorská nížina lowland, in which Molinion meadows containing species of the Scheuchzerio-Caricetea fuscae class were included.
Some information about the lowland Molinion meadows in Slovakia is given by Botta-Dukát et al. (2005) . This study showed that Molinion meadows were clearly distinguished from the other lowland meadows but they were divided into two groups with similar species composition, the first group including speciespoor relevés, the second species-rich relevés.
From higher altitudes three associations were reported for Slovakia (Ružičková 1985; Balátová-Tuláč-ková & Háberová 1996; Balátová-Tuláčková & Kontrišová 1999) : Junco-Molinietum caeruleae Preising 1951, Scorzonero-Molinietum Oberdorfer & Krause 1955 and Sanguisorbo-Festucetum commutatae Baláto-vá-Tuláčková 1959. In the above mentioned publications the authors classified vegetation subjectively based on their experience in the field. However, some of these associations were not clearly defined and their diagnostic species overlapped. It is often difficult to assign some relevés Fig. 1 . Distribution of the relevés assigned to clusters 1 to 3. * -cluster 1 (Junco effusi-Molinietum caeruleae), • -cluster 2 (Molinietum caeruleae var. Scorzonera humilis), -cluster 3 (Molinietum caeruleae caricetosum hostianae) to one of these associations because their species composition corresponds to several of them.
The main aim of this paper is to distinguish the major vegetation types of Molinion meadows in Slovakia. These vegetation types will be identifed by numerical methods using a data set of 245 relevés of Molinion meadows from the whole of Slovakia. Distinguished types will be compared with vegetation units based on expert knowledge. Ellenberg indicator values (Ellenberg et al. 1992) will be used to identify the major environmental gradients responsible for variation in the floristic composition of Slovak Molinion meadows.
Material and methods
245 relevés from Slovakia, assigned by their original authors to the Molinion alliance, were collected. Most of these relevés came from the Central Database of the Phytosociological Relevés in Slovakia (Valachovič 1999) , four of them from the author's own field research and nine relevés were provided by Petra Hájková and Michal Hájek. These relevés were stored in a TURBOVEG database (Hennekens & Schaminée 2001) and then exported to the JUICE 6.3 program (Tichý 2002) . As geographical distribution of the relevés was irregular, a geographically stratified resampling of the data set was carried out (Knollová et al. 2005) . Relevés were sorted by syntaxa at subassociation level, if possible, and then only one relevé of each syntaxon per geographic grid square of 1.25 longitudinal × 0.75 latitudinal minute (approximately 1.5 × 1.4 km) was randomly chosen. After this stratification 132 relevés remained in the data set. As bryophytes were determined only in some relevés, they were deleted from the whole data set.
Classification was performed on presence-absence data using cluster analysis in the PC-ORD 4 program (McCune & Mefford 1999) . Sörensen (Bay-Curtis) distance was chosen as a resemblance measure and flexible beta method with parameter β = -0.25 as a group linkage method. After visual inspection of the resulting dendrogram, only the first nine clusters defined on the highest hierarchical level were accepted.
Diagnostic species of clusters were determined by calculating the fidelity of each species to each cluster in the JUICE 6.3 program (Tichý 2002) . The phi coefficient of association (Sokal & Rohlf 1995; Chytrý et al. 2002) was chosen as a measure of fidelity. To remove the effect of different sizes of the clusters on the phi coefficient values, the size of all clusters was equalized to 11% of the size of the total data set (Tichý & Chytrý 2006) . The threshold phi value for a species to be considered as diagnostic was subjectively set to 0.30.
Diagnostic species and species with frequency higher than 10% in the whole data set were summarized in a synoptic table. Diagnostic species were sorted by decreasing values of the phi coefficient, and the other species by decreasing percentage frequencies in the whole data set.
To show similarity among distinguished clusters detrended correspondence analysis (DCA) from CANOCO 4.5 package (ter Braak & Šmilauer 2002) was used. Average Ellenberg indicator values (Ellenberg et al. 1992 ) for relevés were plotted as supplementary environmental variables in DCA ordination diagram to identify the major environmental gradients.
Nomenclature of vascular plants follows Marhold & Hindák (1998) .
Results
Nine vegetation types of Molinion meadows were identified using cluster analysis (Table 1) .
Vegetation of cluster 1 is confined to the most acidic habitats and is characterized by the occurrence of species of the Caricion fuscae alliance (e.g. Carex echinata, C. nigra) and of species of the Nardus grasslands (e.g. Nardus stricta). It occurs more frequently at higher altitudes from 750 to 820 m (e.g. in Poľana and Pohronský Inovec mountains) but several localities have also found in Záhorská nížina lowland (Fig. 1) , where it occurs on sandy soils (Bosáčková 1970 (Bosáčková , 1975 .
Vegetation of cluster 2 is also found on rather acidic soils, but contrary to cluster 1 vegetation it contains species of base-rich sites, such as Betonica officinalis, Galium boreale or Serratula tinctoria. This vegetation is predominantly found at altitudes from 440 to 820 ( Fig. 1 ) (e.g. in Kremnické vrchy, Štiavnické Fig. 2 . Distribution of the relevés assigned to clusters 4 to 6. -cluster 4 (Molinietum caeruleae potentilletosum albae), -cluster 5 (Molinietum caeruleae caricetosum paniceae), + -cluster 6 (Molinietum caeruleae caricetosum paniceae and caricetosum tomentosae) vrchy, Poľana, Pohronský Inovec mountains and Liptovská kotlina basin). Vegetation of cluster 3 occurs on wet base-rich soils and often contains species of the Caricion davallianae aliance (e.g. Carex davalliana, C. hostiana). It developed from Caricion davallianae vegetation due to changes in the water regime (Šmarda 1951; Klika 1958 , Bosáčková 1970 , 1975 but it also occurs in natural habitats, for example at moderately dry fen edges (Krippel 1965) . In the past this vegetation was frequent in Záhorská nížina lowland (Fig. 1) but only a few localities are preserved until now (Stanová & Viceníková 2003) . It is also scattered in the Malé Karpaty, Popradská kotlina basin and Spišská kotlina basin.
Vegetation of cluster 4 is found only rarely in Záhorská nížina lowland (Fig. 2) . Within Molinion meadows it occurs at the driest sites (Fig. 4) and is confined to oligotrophic sandy soils. It developed from moister types of Molinion meadows due to a decrease in the ground-water table (Bosáčková 1970 (Bosáčková , 1975 . This change in the water regime caused an increase in the species of dry grasslands (e.g. Anthericum ramosum, Peucedanum oreoselinum, Potentilla alba) and of Nardus grasslands (e.g. Calluna vulgaris, Festuca ovina agg., Thymus pulegioides) while the number of species Fig. 3 . Distribution of the relevés assigned to clusters 7 to 9. × -cluster 7 (degraded Deschampsion meadows), -cluster 8 (Molinietum caeruleae deschampsietosum cespitosae), -cluster 9 (Molinietum caeruleae caricetosum tomentosae) -cluster 1 (Junco effusi-Molinietum caeruleae), • -cluster 2 (Molinietum caeruleae var. Scorzonera humilis), -cluster 3 (Molinietum caeruleae caricetosum hostianae), -cluster 4 (Molinietum caeruleae potentilletosum albae), -cluster 5 (Molinietum caeruleae caricetosum paniceae), + -cluster 6 (Molinietum caeruleae caricetosum paniceae and caricetosum tomentosae), × -cluster 7 (degraded Deschampsion meadows), -cluster 8 (Molinietum caeruleae deschampsietosum cespitosae), -cluster 9 (Molinietum caeruleae caricetosum tomentosae) of the Scheuchzerio-Caricetea fuscae class decreased substantially.
Vegetation of clusters 5 and 6 occurs on moist mesotrophic soils. Their species composition is quite similar, the main difference being that cluster 5 includes species-poor relevés (average number of species per relevé is of 24), while cluster 6 includes species-rich relevés (average number of species per relevé is 43).
This vegetation was frequent in Záhorská nížina lowland and Košická kotlina basin, and scattered localities were found in Podunajská nížina lowland (Fig. 3) .
Vegetation of cluster 7 is mostly found in river floodplains (Fig. 3) . Contrary to Deschampsion meadows it occurs at drier places that are not inundated. It is characterized by dry grassland species (e.g. Carex tomentosa, Festuca rupicola) but also by some rud-eral species, such as Cirsium arvense, Elymus repens or Taraxacum sect. Ruderalia.
Vegetation of cluster 8 occurs in wet nutrient-rich habitats (Fig. 4) and is found only in Podunajská nížina lowland (Fig. 3) . It is characterized by the occurrence of species of the Phragmito-Magnocaricetea class (e.g. Mentha aquatica, Lycopus europaeus, Lythrum salicaria) and also of species of the Deschampsion alliance (e.g. Gratiola officinalis).
Vegetation of cluster 9, which is also confined to Podunajská nížina lowland (Fig. 3) , usually developed from vegetation of cluster 8 due to a decrease in the ground-water table (Zahradníková-Rošetzká 1965) . In contrast to cluster 6 it contains species of dry grasslands and mesic meadows, such as Bromus erectus, Festuca pseudovina and Salvia pratensis. As vegetation of this cluster used to be intensively grazed (Zahradníková-Rošetzká 1965) , it also includes some ruderal species, e.g. Cirsium arvense, Potentilla anserina or Taraxacum sect. Ruderalia. Figure 4 shows DCA ordination diagram of the Molinion relevés from Slovakia. Average Ellenberg indicator values for relevés, which were used in detrended correspondence analysis as supplementary environmental variables, showed that the first ordination axis correlates with nutrients, soil base status and temperature and the second axis with moisture. These gradients are identical to gradients recognized for Molinion meadows in the Czech Republic (Havlová 2006) . Relevés of clusters 8 and 9, which include vegetation from Podunajská nížina lowland, are situated on the right side of the diagram. Vegetation of cluster 8 occurs on nutrient-rich soils, vegetation of cluster 9 is more thermophilous and is confined to the most basic soils. Relevés of cluster 1 and 2, which contain vegetation from higher altitudes on acidic and oligotrophic habitats, are found on the left side of the diagram. Also relevés of cluster 4, typified by the occurrence of dry and Nardus grasslands species are situated on the left side of the diagram, but they occur at drier sites. In the middle section of the diagram there are relevés of clusters 3, 5, 6 and 7. Vegetation of cluster 3, which includes species of the Caricion davallianae alliance, positively correlates with moisture, while vegetation of clusters 5 and 6 occurs in drier mesotrophic habitats. Most relevés of cluster 7 occur in mesotrophic habitats, while only two of them, in which Festuca rupicola dominates, are found at more drier sites. Relevés of cluster 1 have not formed a group in ordination diagram (Fig. 4) . This cluster includes only nine relevés, which occur at acidic and oligotrophic sites, but some of them are found in moister habitats, while some others in drier habitats.
Discussion
Comparison of vegetation types identified by cluster analysis with traditional vegetation types recognized on the basis of expert knowledge is a complex task. Twelve associations of the Molinion alliance are reported from Slovakia (Mucina & Maglocký 1985; Balátová-Tuláčková 1996) , but most of them are not clearly defined, i.e. they either do not have any own diagnostic species or the same diagnostic species are reported for several associations. Some associations were distinguished based only on the presence or higher cover of a single species, although their differences in total species composition from the other associations were negligible. Several associations, which were distinguished in Slovakia, had also previously reported for the Czech Republic (Blažková & Balátová in Moravec et al. 1995) . The new syntaxonomical revision of the Czech Molinion (Havlová 2006) Other four associations besides these are reported for Slovakia (Mucina & Maglocký 1985; Balátová-Tuláčková 1996) . However, Silao-Molinietum caeruleae Balátová-Tuláčková 1968, Gladiolo palustris-Molinietum caeruleae Balátová-Tuláčková 1968 and Diantho superbi-Molinietum caeruleae Passarge 1955 were also described based on the presence or higher cover of one species -Silao-Molinietum caeruleae by presence of Silaum silaus (Balátová-Tuláčková 1968), Gladiolo palustris-Molinietum caeruleae by presence of Gladiolus palustris (Balátová-Tuláčková 1968) and Diantho superbi-Molinietum caeruleae by presence of Dianthus superbus (Passarge 1957) . Their species composition is very similar to Molinietum caeruleae, which suggest they should rather be treated as syntaxonomic synonyms of this association.
Finally, the Carici davallianae-Molinietum caeruleae Špániková 1978 association, which includes Molinion meadows in wet habitats with a higher number of species of the Scheuchzerio-Caricetea fuscae class, corresponds to subassociationMolinietum caeruleae caricetosum hostianae Koch 1926. Based on this revision, only Molinietum caeruleae Koch 1926 and Junco effusi-Molinietum caeruleae Tüxen 1954 are clearly defined, have their own diagnostic species and occur in different habitats. While Molinietum caeruleae includes vegetation on base-rich soils and is characterized by species such as Betonica officinalis, Galium boreale and Serratula tinctoria, Junco effusi-Molinietum caeruleae Tüxen 1954 is confined to acidic habitats and is characterized by the occurrence of species of Nardus grasslands (e.g. Danthonia decumbens, Nardus stricta and Viola canina)or of the Caricion fuscae alliance (e.g. Agrostis canina and Carex echinata). Of the Central European countries, these two associations are distinguished in the Molinion alliance for example in Hungary and in Poland (Kovács 1962; Matuszkiewicz 2001) .
In the Czech Republic (Havlová 2006 ) associations of the Molinion alliance were defined by a combination of sociological species groups created by the Cocktail method (Bruelheide 1995 (Bruelheide , 2000 . An advantage of this method is that it creates clear criteria for assignment of relevés to associations. However, in Slovakia cluster analysis was used for classification, because there is no relevé database including all vegetation types of Slovakia, which is necessary for creation of robust species groups with the Cocktail method.
Results of cluster analysis partly reflect the structure of the database used, in which relevés belonging to Molinietum caeruleae predominate (clusters 2-9) and relevés of Junco effusi-Molinietum caeruleae are represented by only nine relevés (cluster 1). While Molinietum caeruleae was common in Slovakia lowlands (Šmarda 1951; Klika 1958; Zahradníková-Rošetzká 1965; Bosáčková 1970 Bosáčková , 1975 Špániková 1971) , Junco effusi-Molinietum caeruleae was always rare (Ružičková 1985) . The reason why this association is so rare is probably the larger frequency of mineral-rich soils compared to acidic soils in Slovakia. In the Czech Republic (Havlová 2006) this association is common on acidic soils in Bohemia but is almost missing in Moravia.
Some clusters belonging to Molinietum caeruleae correspond to subassociations described by Koch (1926) . Relevés of cluster 3, which contain species of the Caricion davallianae alliance, can be assigned to caricetosum hostianae and most relevés of clusters 5 and 6 can be assigned to caricetosum paniceae. Only a few relevés of clusters 5 and 6, which occur at drier sites, correspond to caricetosum tomentosae. This subassociation is characterized by the occurrence of species of dry grasslands and mesic meadows. Also relevés of cluster 9 can be assigned to caricetosum tomentosae although they do not contain Carex tomentosa.
Vegetation of cluster 2 corresponds to the Scorzonera humilis variant described from the Czech Republic (Havlová 2006 ). This variant is typical by a combination of species characteristic for Molinietum caeruleae and by species of acidic habitats.
Relevés of cluster 4, which contain species of dry and Nardus grasslands, can be assigned to the subassociation potentilletosum albae described by Bosáčková (1970) from Záhorská nížina lowland.
Vegetation of cluster 7 contains relevés of degraded floodplain meadows. Of the species characteristic for intermittently wet habitats, only Galium boreale and Serratula tinctoria are present. However, these species occur both in Deschampsion meadows and Molinion meadows. Other species characteristic for Molinion meadows (e.g. Molinia caerulea s.l., Selinum carvifolia, Succisa pratensis) are present rarely. Therefore, I suggest that most relevés of this cluster should rather be assigned to the Deschampsion alliance, taking note that species of wetter sites are present very rarely because these meadows are not inundated at present.
Vegetation of cluster 8, including species of the Phragmito-Magnocaricetea class and of the Deschampsion alliance, corresponds to deschampsietosum cespitosae subassociation described by Zahradníková-Rošetzká (1965) .
